We report efficient generation of cw yellow light by use of single-pass sum-frequency mixing from a diode-pumped Nd:YVO 4 dual-wavelength laser with periodically poled lithium niobate. A diode-pumped Nd:YVO 4 dual-wavelength laser is implemented with a three-mirror cavity, and the optimum oscillation condition is obtained from theoretical analysis. We extracted 78 mW of power at 593 nm from 1.2 W at 1064 nm and from 1.0 W at 1342 nm in a beam with excellent quality. The output power could probably be increased to ϳ92 mW by antiref lection coating of the crystal. © 2002 Optical Society of America OCIS codes: 140.3480, 140.3580, 140.7300, 190.2620. Recently, diode-pumped Nd-doped lasers were developed as compact all-solid-state sources in the blue, green, and red spectral regions with intracavity frequency doubling. However, the region from 550 to 650 nm is seldom covered by these sources because of the absence of fundamental lasers that operate efficiently there. Laser sources in the yelloworange spectra are particularly of interest for many applications in medicine, biology, and display technology.
Recently, diode-pumped Nd-doped lasers were developed as compact all-solid-state sources in the blue, green, and red spectral regions with intracavity frequency doubling. However, the region from 550 to 650 nm is seldom covered by these sources because of the absence of fundamental lasers that operate efficiently there. Laser sources in the yelloworange spectra are particularly of interest for many applications in medicine, biology, and display technology. 1 One approach to generating cw yellow-orange laser output is to use sum-frequency generation (SFG). Although this approach was previously used efficiently with a resonant external cavity, 2 it suffers from the disadvantages of much greater complexity and higher cost than for single-pass extracavity SFG. 3, 4 We demonstrate here compact, efficient generation of a cw yellow laser from single-pass SFG of a diode-pumped Nd : YVO 4 dual-wavelength laser with periodically poled lithium niobate (PPLN). A three-mirror linear cavity was proposed for generation of stable simultaneous cw emission of two wavelengths, l 1 1342 nm and l 2 1064 nm, from a diode-end-pumped Nd:YVO 4 laser. With 1.2 W of power at 1064 nm and 1.0 W at 1342 nm incident upon the PPLN crystal, a sum-frequency output power of 92 mW was obtained at 593 nm.
Simultaneous emission at multiple wavelengths has been of interest for practical applications of these lasers such as medical instrumentation and research on nonlinear optical mixers. cw operation has been reported in a Nd:YAG laser 5 and in a Nd:YAP laser. 6 All these lasers are operated in the lamp-pumped configuration. Shen et al. 6 showed that the ratio of the stimulated-emission cross section between the 4 4 crystal to achieve a dual-wavelength cw solid-state laser at 1064 and 1342 nm; we used both two-mirror and three-mirror laser cavities to study the stability for dual-wavelength operation. 8 The experimental results indicated that the stability of the output power at the two wavelengths could be substantially improved by use of the three-mirror instead of the two-mirror cavity. Therefore we employed a three-mirror resonator for the present experiment. Figure 1 shows the dual-wavelength cavity, which consisted of input mirror M1 and two f lat output couplers OC1 and OC2. The 6-mm-long Nd:YVO 4 crystal had a 0.5-at. % concentration of Nd 31 . The pump source was a 15-W f iber-coupled laser diode with a core diameter of 0.8 mm and a numerical aperture of 0.18. The f iber output was focused into the crystal, and the pump spot size was ϳ0.30 mm. Input mirror M1 was a 1-m radius-of-curvature concave mirror with antiref lection coating at the pump wavelength on the entrance face ͑R , 0.2%͒ and with high-ref lection (HR) coating at both lasing wavelengths ͑R . 99.9%͒ and high-transmission (HT) coating at the pump wavelength on the second surface ͑T . 95%͒. One side of output coupler OC1 was coated to be partially ref lecting at the l 1 1342 nm wavelength and highly transmitting at the l 2 1064 nm wavelength ͑T . 95%͒. The other side of coupler OC1 was antiref lective at both lasing wavelengths ͑R , 0.2%͒. One side of the output coupler OC2 was coated to be partially ref lecting (PR) at the l 2 wavelength and highly transmitting at the l 1 wavelength ͑T . 95%͒. The other side of the coupler OC2 was antiref lective at both lasing wavelengths ͑R , 0.2%͒. The cavity length for 1342-nm oscillation was 6 cm, and the total cavity length was 20 cm. The value of the ratio v 2 ͞v 1 in the present setup was ϳ1.16, where v 1 and v 2 are the mode size in the gain medium for wavelengths l 1 and l 2 , respectively. The experimental results revealed 8 that the output power for dual-wavelength operation could be more stable as the ratio v 2 ͞v 1 was slightly greater than unity. The present cavity length was designed to satisfy the condition that v 2 ͞v 1 . 1. According to the theoretical calculation, 8 an output coupler with a ref lectivity of 96% for 1342 nm and an output coupler with a ref lectivity of 86% for 1064 nm were used to optimize the output power in the dual-wavelength lasing.
The dual-wavelength system was initially optimized at 1342 nm without output coupler OC2 shown in Fig. 1 . By introducing coupler OC2 into the laser cavity we achieved simultaneous cw lasing at 1342 and 1064 nm. The ratio of output power to input power for dual-wavelength operation is shown in Fig. 2 . It can be seen that the output powers of both wavelengths increased monotonically as the pump power increased. With a pump power of 12.5 W, 2.7 W of total output power was obtained, consisting of 1.45 W at 1064 nm and 1.25 W at 1342 nm.
For the SFG process in PPLN, the quasi-phasematched (QPM) condition in a collinear interaction is ͑n 3 ͞l 3 ͒ 2 ͑n 2 ͞l 2 ͒ 2 ͑n 1 ͞l 1 ͒ ͑1͞L͒, where l 3 is the wavelength of the sum-frequency beam, n i is the refractive index of the wave at l i for i 1, 2, 3, and L is the domain grating period of the PPLN. Substituting the published Sellmeier equation 9 into the QPM condition for SFG, we calculated the phase-matching temperature as a function of the grating period of the PPLN and plotted the result in Fig. 3 . In our experiment, the PPLN sample was fabricated by a standard electric f ield poling technique to have a 9.5-mm grating period. The sample was 0.5 mm thick and 19 mm long, and the two end faces were polished without antiref lection coating. To determine the phase-matching curve we heated the PPLN crystal in an oven that had a temperature accuracy of 0.1 ± C. The optimum QPM temperature was found to be ϳ68.2 ± C with a bandwidth FWHM of ϳ3 ± C. As shown in Fig. 3 , the optimum QPM temperature agreed very well with the theoretical result.
We used a lens to focus the dual-wavelength lasers into the PPLN sample. The optimum focal length was determined from the fact that the SFG eff iciency, h, is proportional to the product of the amplitudes of the optical electric f ield at l 1 and l 2 . The theoretical formula derived by Boyd and Kleinman 10 (BK) reveals that the SFG efficiency is proportional to dimensionless BK focusing factor h. We used BK focusing factor h and the cavity mode sizes to calculate the dependence of the relative SFG eff iciency on the focal length. The calculated results are plotted in Fig. 4 . The optimum focal length was found to be approximately 50 mm.
We experimentally used three different focal lenses, with focal lengths of 25, 50, and 75 mm, to focus the dual-wavelength lasers into the PPLN sample. It was found that the SFG conversion efficiency with the 50-mm focal length was higher than that of the other two focal lenses by ϳ30%. The experimental results have shown a fairly good agreement with the theoretical calculation. Figure 5 shows the dependence of the yellow power that is generated on the total incident fundamental power at the optimum phase-matching temperature with focal lens of Fig. 2 . Dependence of the total power and the relative output powers at 1064 and 1342 nm on the absorbed pump power. 5 . Dependence of the generated yellow power on the total incident fundamental power at the optimum phase-matching temperature. Inset, optical spectrum at the maximum output power. 50 mm. A maximum sum-frequency power generated at 593 nm was 92 mW for 1.2 W of power at 1064 nm and 1.0 W at 1342 nm incident upon the PPLN crystal. These powers are internal values that take account of the Fresnel ref lections on the uncoated crystal surface. This result indicated a conversion efficiency of 1.1% ͓W͞cm͔. To the best of our knowledge this is the highest value reported for generation of cw yellow light in a single-pass sum-frequency mixing scheme. Even so, previous papers 2, 3 reported on the generation of tunable, single-mode light with kilohertz linewidth, a significantly more difficult problem than just power generation. The M 2 beam quality factor of the sum-frequency mixed yellow laser was estimated by use of the algorithms of the knife-edge technique to be less than 1.3.
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The longitudinal mode spectral information on the laser is recorded by an optical spectrum analyzer (Advantest Q8347). This spectrum analyzer achieves a wavelength resolution of 0.002 nm by employing a Fourier spectrum system with a Michelson interferometer. With the high-resolution spectrum analyzer, longitudinal mode spectral information can be clearly resolved. The measured spectrum at the maximum output power is shown in the inset of Fig. 5 . The longitudinal mode spacing was approximately 0.016 nm, which agrees very well with the cavity mode spacing. The total spectral width was ϳ0.1 nm, limited mainly by the fundamental light. Finally, the power spectrum was measured with a power spectrum analyzer (Advantest R3272). The typical noise spectrum is shown in Fig. 6 . The main peaks in the noise spectrum arise from the relaxation oscillation of the fundamental wavelength and its harmonics.
In summary, we have used a three-mirror laser cavity to achieve simultaneous emission of two wavelengths, and the analysis was performed to optimize dual-wavelength lasing operation. A compact, efficient cw yellow laser has been demonstrated, for the first time to our knowledge, by use of single-pass sum-frequency mixing from a diode-pumped Nd:YVO 4 dual-wavelength laser with periodically poled lithium niobate. We believe that power scaling to more than 100 mW of cw yellow output would be a realistic goal with higher fundamental powers.
